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BiodieselAbstract In the present work, a heterogeneous solid acid catalyst was successfully developed from
starch. The catalyst was prepared by a signiﬁcant two-step process; the initial step was incomplete
carbonization of starch (ICS) at 400 C for 12 h and consequently followed by sulfonation process
using concentrated H2SO4 to produce sulfonated-incomplete carbonized starch (ICS-SO3H). The
characterization of the ICS-SO3H catalyst was done for chemical and physical properties such as
X-ray diffraction (XRD), ammonia-temperature programmed desorption (NH3-TPD), surface area
analysis, thermal gravimetric analysis (TGA), elemental analysis and morphology analysis by
scanning electron microscope (SEM). BET results showed the structure of ICS-SO3H consists of
meso- and macro-porous properties, which allowed high density of the ASO3H group attached
on its carbon networks. The catalytic activity of ICS-SO3H catalyst was determined by analyzing
the catalyst performance to esterify palm fatty acid distillate (PFAD) and sequentially produced
methyl ester. The maximum free fatty acid (FFA) conversion and FAME yield were as high as
94.6% and 90.4%, respectively, at 75 C using 10:1 methanol-to-PFAD molar ratio and 2 wt.%
of catalyst within 3 h. The catalyst has sufﬁcient potential to recycle up to 6 reactions without
180 I.M. Lokman et al.reactivation step and any remarkable loss of catalytic activity. It revealed that the heterogeneous
ICS-SO3H catalyst exhibits high stability, reusability and catalytic activity.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Recently, great concern has been discussed on the exhaustion
of fossil fuel resources and the environmental pollutions due
to the fuel’s combustion. Nowadays, the energy is distributed
into three basic economic needs, which are for the electric
power technologies, process heating for industries and con-
sumer, and thirdly, for the private and cargo transportations
(Ashnani et al., 2014; Reynolds, 2014). Therefore, the critical
development of renewable alternative fuels has now become
important. Biodiesel has attracted high attention as a substi-
tute fuel for fossil diesel, due to it being environmentally
benign and having almost similar functional properties as
fossil diesel. The energy released from biodiesel was larger than
the energy produced from petroleum diesel – which was
expected to provide a great beneﬁt to the society (Cho et al.,
2013). In general, biodiesel or scientiﬁcally known as fatty acid
methyl ester (FAME) can be produced by transesteriﬁcation or
esteriﬁcation of renewable sources such as vegetable oils and
animal fats (Alhassan et al., 2013; Lee et al., 2011; Lokman
et al., 2014a; Mekhilef et al., 2011; Rashid et al., 2011a,b;
Tauﬁq-Yap et al., 2011). In the recent years, Malaysia has been
producing roughly 700,000 metric tons of PFAD annually as
by-product from reﬁnery process of crude palm oil (Ping and
Yusof, 2009). PFAD had been classiﬁed as a cheaper low qual-
ity grade feedstock due to its high FFA content (>85 wt.%).
Therefore, the homogeneous and heterogeneous alkaline cata-
lysts are prohibited for transesteriﬁcation of PFAD to avoid
saponiﬁcation process caused by neutralization of FFA
(Atadashi et al., 2012). Nevertheless, the heterogeneous solid
acid catalyst is more sensible for the production of biodiesel
due to high FFA feedstock.
It is important to note that heterogeneous solid-acid cata-
lyst can efﬁciently separate from the product by simple
decantation or centrifugation process. It allows more environ-
mental friendly biodiesel production process by reducing the
corrosive matter problems and enables the potential of contin-
uous process (Islam et al., 2013). There are a few numbers of
heterogeneous solid acid catalysts that have been evaluated
for biodiesel production, i.e., activated carbon-supported
tungstophosphoric acid catalyst (Badday et al., 2013), ferric
alginate–Lauric acid (Peng-Lim et al., 2012), ferric hydrogen
sulfate (Alhassan et al., 2013) and Aminophosphonic acid resin
D418 (Liu et al., 2013). Unfortunately, the preparation costs
and steps are both expensive and complicated (Okuhara,
2002). Recently, a novel carbon solid acid catalyst derived
from incomplete carbonized carbohydrate had recently been
described. This catalyst gained much attention due to the
low-cost production, easy preparation process, high effective-
ness, greener and suitable for esteriﬁcation of waste oil con-
taining high FFA (Chin et al., 2012; Dashmane et al., 2013;
Ormsby et al., 2012; Wang et al., 2013). Also popularly known
as sugar catalyst, it is one of the amorphous carbon materialsthat consists of small polycyclic aromatic carbon sheets
(Okamura et al., 2006); highly potential to be incorporated
with high amount of sulfonic (ASO3H) groups, despite the
low surface area and porosity – which might hinder the diffu-
sion of reactant to active sites (Yu et al., 2008).
Signiﬁcant researcher have been highlighted for the porous
support materials as they are particularly useful for every
application that requires the fast and efﬁcient reaction, for
instance energy storage, drug delivery, chemical sensing and
catalysis (Stein et al., 2008; Walcarius and Collinson, 2009).
In application of biodiesel production, the larger pores catalyst
provides easy access of the reactant to the active sites of the
catalyst; this will give advantage for selectivity and increase
the reaction speed (Fratzl and Weinkamer, 2007).
Carbohydrate-derived solid acid catalysts have low surface
area and consist of porous carbon structure. Hence, slight
increase in larger surface area and pores diameter could
increase the overall performance of the catalyst, which may
be suitable for biodiesel production.
Herein, we demonstrated the preparation of meso- and
macro-porous carbon-based solid acid catalyst from starch
as carbon precursor to increase the activity of the catalyst.
The catalyst was synthesized by sulfonation of incomplete car-
bonized starch (ICS) to produce sulfonated-starch solid acid
catalyst (ICS-SO3H). The ICS-SO3H was characterized in a
detailed manner using X-ray diffraction (XRD), ammonia-
temperature programmed desorption (NH3-TPD), BET sur-
face area analysis, thermal gravimetric analysis (TGA),
Raman spectroscopy, CHNOS elemental analysis and mor-
phology analysis by scanning electron microscope (SEM).
PFAD was chosen as the test oil in this work and the effect
of different operating parameters such as methanol molar
ratio, catalyst amount, reaction temperature and reaction time
was intensively studied for esteriﬁcation of PFAD. The studies
on reusability of the catalyst and leaching of active sites were
also appraised.2. Experimental details
2.1. Chemicals and materials
PFAD was supplied by Jomalina oleochemical RandD, Sime
Darby Sdn. Bhd. (Klang, Selangor). Commercial grade starch
was purchased from Sigma–Aldrich. Sulfuric acid (H2SO4),
hydrochloric Acid (HCl) and potassium hydroxide (KOH)
were purchased from J.T. Baker. The solvents such as metha-
nol (95%), ethanol (95%) and analytical grade n-hexane
(99.9%) were obtained from Merck chemical company.
FAME standards for chromatography analysis including
methyl oleate, methyl palmitate, methyl linoleate, methyl
myristate, methyl stearate and methyl heptadecanoate were
obtained from Fluka.
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The physico-chemical properties of PFAD feedstock were
analyzed according to AOCS, ISO and BS standard methods.
2.3. Catalyst preparation
15 g of starch was heated at 400 C for 12 h with N2 gas ﬂow.
The resultant black carbon ICS was then milled to a powder
for 1 h at 1000 rpm. For activation process, approximately
5 g black powder was suspended in 200 mL of concentrated
H2SO4 and reﬂuxed at 160 C for 12 h in inert environment,
to introduce ASO3H on the surface and pore of the catalyst.
The suspension was then diluted with 500 mL of distilled water
and ﬁltered. The ICS-SO3H catalyst was subsequently washed
repeatedly with hot distilled water to remove all excesses of sul-
fate ions until pH of the ﬁltrate is the same as the pH of wash
water. The ICS-SO3H catalyst was collected and dried at 80 C
for 24 h to remove excess moisture.
2.4. Catalyst characterization
The synthesized ICS-SO3H catalyst was characterized and
analyzed in detail. The robust structure of the carbon catalyst
was determined by X-ray diffraction (XRD) (Shimadzu, XRD
6000) with the scanning range of 2 theta (h) from 2 to 60 at a
scanning rate of 4 min1. Fourier transform infrared (FT-IR)
spectroscopy (Perkin Elmer, 1725 X) was used to characterize
the functional groups of the catalyst, scanned from 500 to
4000 cm1. Raman spectroscopy (WITec, Alpha 300R)
micro-imaging was applied to analyze the graphitic structure
of the catalyst. The thermal stability of the catalyst was
analyzed by thermal gravimetric analyzer equipped with differ-
ential gravimetric analysis (TGA–DTG) (Mettler, Toledo 990).
The sample’s weight loss was recorded and analyzed to
determine the stability of the catalyst samples.
A morphological study of the catalysts has been performed
by using scanning electron microscopy (SEM) (JEOL, JSM-
6400). The textural properties such as the surface area, pore
volume and pore radius were determined by N2 adsorption–
desorption analysis, Brunauer–Emmett–Teller (BET) and Bar
rett–Joyner–Halenda (BJH) (Thermo Finnigan, Sorptomatic
1990 series). The total amount and distribution of acid sites
were analyzed by ammonia-temperature programmed desorp-
tion (NH3-TPD) (Thermo Finnigan, TPDRO 1100 series
equipped with thermal conductivity detector (TCD)). About
0.05 g sample was ﬁrstly pretreated at 150 C for 1 h under
N2 ﬂow, followed by adsorption of NH3 for 1 h. The sample
was again ﬂowed by N2 gas for 30 min. Finally, the sample
was heated from 50 to 950 C at 5 C min1 with helium ﬂow
as the carrier gas. The amount of the NH3 gas desorbed from
the catalyst throughout the heating process was plotted.
2.5. Esteriﬁcation of PFAD oil
The esteriﬁcation of PFAD was carried out by classical con-
ventional reﬂux system. In typical run, a speciﬁc amount of
PFAD was liqueﬁed by heated at 70 C. The preheated
PFAD was poured into the 50 mL round bottom ﬂask. Themethanol and ICS-SO3H catalyst were added and mixed with
liqueﬁed PFAD before it being heated at speciﬁed tempera-
ture. The mixture was stirred at 600 rpm throughout the
experiment. A series of reactions were completed at different
operating conditions: catalyst amount in the range of
1–5 wt.% of PFAD, methanol-to-PFAD molar ratio in the
range of 5–25, reaction temperature in the range of 65–85 C
and reaction time from 1 to 5 h. Finally, production mixture
was centrifuged at 4000 rpm for 10 min to separate the catalyst
and later the liquid product was allowed to settle into two
phases. The bottom layer containing FAME was collected
and puriﬁed with distilled water before being analyzed by
gas chromatography (GC). The excess upper-methanol
layer was recovered by distillation and used for subsequent
reaction.
2.6. Reusability and leaching analysis of catalyst
The esteriﬁcation of PFAD over mesoporous ICS-SO3H cata-
lyst was carried out using 2 wt.% of catalyst. The optimum
operating parameters were kept constant in every reaction
cycle with 10:1 methanol-to-PFAD molar ratio, 75 C reaction
temperature, and 2 h reaction time. The production mixture
was centrifuged at 4000 rpm for 10 min. The sediment or
catalyst was collected, washed with n-hexane and dried at
80 C for next reaction cycle. Meanwhile, the biodiesel product
on each cycle was collected for determination of FAME yield
by GC analysis and detection of ASO3H group using CHNOS
elemental analysis for leaching analysis.
2.7. PFAD methyl ester analysis
The FFA conversion of oil was determined by the following
(AOCS 5a-40) standard method as Eq. (1), where, AVf and
AVp were assigned for acid value of feedstock and product,
respectively.
%FFA conversion ¼ AVf AVp
AVf
 100 ð1Þ
The analytical FAME yield of the product was measured by
GC-FID (Shimadzu, GC-14C, Japan). It was equipped with
highly polar capillary column BPX 70, SGE Company (length;
30 m, ID; 0.25 mm and capillary 0.25 lm). The GC was
programmed as follows: The GC injector port and detector
temperature were set at 230 C and 270 C, respectively. The
GC oven was programmed with the rising temperature,
starting from 100 C up to 250 C at a rate of 10 C min1.
Helium gas was used as the carrier gas and n-Hexane
(99.9%) was used as the solvent. The 500 lg mL1 of 5 refer-
ence FAME standard solutions including methyl oleate,
methyl palmitate, methyl myristate, methyl linoleate and
methyl stearate were prepared and injected into the injector
port for the standard reference. Meanwhile, biodiesel product
was diluted with n-hexane containing 500 lg mL1 of methyl
heptadecanoate (internal standard solution). 1 lL of sample
was injected into the GC injector port. The FAME yield of
the product was calculated according to Eq. (2) as follows:
%yield of FAMEs ¼ WFAMEs
Wraw material
 100 ð2Þ
Figure 1 XRD analysis of (a) ICS and (b) ICS-SO3H catalyst.
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weight of the FAME produced and weight of starting materi-
als used.
The methyl ester sample was analyzed by using a Shimadzu
QP2010 Plus gas chromatography equipped with a capillary
column of RTX-65 (30 m, 0.25 mm ID, 0.25 lm) and a mass
spectrometer as detector.
3. Results and discussions
3.1. PFAD feedstock analysis
Table 1 shows the physical characteristics and properties of
the PFAD feedstock. Calculations to determine the values of
the FFA content, acid and saponiﬁcation value, conventional
mass per volume and fatty acids were carried out using the
AOCS and ISO Test Methods. The iodine value (IV) was used
to ﬁnd out the total unsaturation in PFAD feedstock. The IV
of the sample was 0.523 ± 1.62 g g1 of sample. Meanwhile,
the average molecular weight of the sample was
235 ± 5.4 g mol1, which was derived from the saponiﬁcation
value (149.74 ± 4.72 mg KOH g1 sample). The average acid
value and FFA content were 172.6 ± 3.53 mg KOH g1 of
PFAD and 86.3 ± 2.45%, respectively. The major compo-
nents of fatty acid in the PFAD were palmitic (C16:0) and
oleic (C18:1) acids, which were 45.7 ± 1.32 wt.% and
40.2 ± 1.21 wt.%, respectively.
3.2. Characterization of ICS-SO3H catalyst
X-ray diffraction analyses of the starch catalyst before and
after sulfonation are given in Fig. 1. The catalyst exhibited
both broad and weak diffraction peaks at 2b= 10–30 and
2b= 35–50 for both samples, which were assigned for the
existence of graphitic (002) and (101) planes, respectively.
Both peaks indicated presence of amorphous carbon structure
that consists of polycyclic aromatic carbon ring oriented in
considerable random fashion. A deﬁnite C(101) plane is due
to the existence of the a axis of the graphite structure. ItTable 1 Characteristics and properties of PFAD feedstock.
Properties (unit) Methods PFAD
Iodine value, Wijs (g/100 g) BS 684 52.3 ± 1.62
FFA (%) AOCS Ca 5a-40 86.3 ± 2.45
Acid value (mg KOH/g of
sample)
AOCS Ca 5a-40 172.6 ± 3.53
Conventional mass per
volume at 50 C (kg/l)
ISO 6883 (1995) 0.8634 ± 1.63
Water content (wt.%) 0.089 ± 0.004
Saponiﬁcation value
(mg KOH/g of sample)
AOCS Tr 1a-64 149.74 ± 4.72
Unsaponiﬁable matter
(wt.%)
AOCS TK 1a-64 –
Average molecular weight
(g/mol)
235 ± 5.4
Palmitic acid (C16:0) (wt.%)
AOCS Ce1-62
and Ce-661
45.7 ± 1.32
Oleic acid (C18:1) (wt.%) 40.2 ± 1.21
Linoleic acid (C18:2) (wt.%) 7.9 ± 0.21
Myristic acid (C14:0) (wt.%) 1.9 ± 0.05
Stearic acid (C18:0) (wt.%) 4.3 ± 0.09indicates the sample was composed by a high degree of car-
bonization with larger carbon sheets (Nakajima and Hara,
2007), which may be important for the catalyst activity during
the esteriﬁcation reaction process. The results were in agree-
ment with the previous reports (Nakajima and Hara, 2007,
2012; Lou et al., 2008; Zong et al., 2007).
Infrared spectra of ICS and sulfonated-carbon catalyst,
ICS-SO3H are shown in Fig. 2. The strong absorption bands
were observed at around 1700 cm1 and 1590 cm1 for both
ICS and ICS-SO3H catalysts; indicating the absorption of
carbonyl, C‚O and aromatic C‚C carbon structure,
respectively. The presence of symmetric and asymmetric
CAOASO3H functional groups for ICS-SO3H catalyst was
detected by the strong absorption bands that had occurred
at 1030 cm1 and 1140 cm1 stretching vibrations (Guo
et al., 2012). Meanwhile, the weak absorption bands identical
to the S‚O symmetric and asymmetric were also observed for
ICS sample – this is due to the IR absorption ability of the
carbon (CAC) catalyst’s framework (Lokman et al., 2015).
The Raman spectra of starch catalyst before and after the
acid activation are depicted in Fig. 3. The spectra exhibited
two distinct bands: D-band at 1350 cm1 which was assigned
for the defects in the sheets of carbon structure, and G-band
at 1580 cm1 which was commonly attributed to the vibrations
of opposite direction of carbon atom of single crystal – nor-
mally it is high for graphitic materials (Shu et al., 2010).
From this result, it was observed that both carbon structures
of the catalyst consist of partially graphitic carbon structure
with the amorphous carbon in the bulk of the carbon catalysts.
The thermal stability of the carbon-based solid catalysts
before and after sulfonation was examined by TGA–DTG
analyzer as shown in Fig. 4. The decomposition pattern showsFigure 2 IR spectra of (a) ICS and (b) ICS-SO3H catalyst.
Figure 3 Raman spectra of (a) ICS and (b) ICS-SO3H catalyst.
Figure 5 TPD-NH3 analysis of (a) ICS and (b) ICS-SO3H
catalyst.
Meso- and macroporous sulfonated starch solid acid catalyst 183two stages of weight loss for the ICS sample (Fig. 4a) starting
from 300 to 1000 C due to decomposition of more than
50 wt.% of carbon structure that consists of CAO and CAC
bonding. Meanwhile, Fig. 4(b) shows another two stages of
weight loss (around 10 wt.%) starting from 200 to 450 C that
indicated the decomposition of carboxylic group, COOH and
sulfonic, CAOASO3H functional groups for the ICS-SO3H
catalyst. Zong et al. (2007) reported the TGA–DTG curve of
amorphous carbon catalyst derived from sugar (D-glucose) –
it was similar and in good agreement with our present result.
Fig. 5 shows the NH3-TPD proﬁle of starch catalysts before
and after sulfonation. One distinct NH3 desorption peak was
observed for the ICS (Fig. 5a) at 400–900 C which maximized
at 550 C. Meanwhile, two distinct NH3 desorption peaks were
observed for ICS-SO3H catalyst (Fig. 5b). The ﬁrst peak,Figure 4 TGA of catalyst (a) ICS and (b) ICS-SO3H catalyst.which was in range of 100–350 C maximized at 150 C, had
been assigned for weak Brønsted acid site. In contrast, the
second peak that was in the range of 350–950 C maximized
at 600 C, had been ultimately assigned for strong Brønsted
acid site. A peak was detected at a lower temperature for
ICS-SO3H catalyst, which corresponds to the presence of the
sulfonic group as determined by the TGA in Fig. 4(b). Shu
et al. (2010) reported the similar NH3-TPD proﬁle for the
sulfonated carbon based acid catalyst derived from the
vegetable oil asphalts.
Fig. 6 shows the SEM image of ICS-SO3H catalyst. It was
observed that the average size of grain particles was greater
than 10 lm. The incomplete carbonized starch exhibited a
loose irregular network structure – similar to the ones reported
by Takagaki et al. (2007) and Nakajima and Hara (2007). The
Brunauer–Emmet–Teller (BET) surface area analysis was car-
ried out to analyze the surface characteristics of the starch cat-
alyst in detail. Fig. 7 shows the N2 adsorption–desorption
isotherms of ICS (Fig. 7a) and ICS-SO3H (Fig. 7b) catalyst.
In our observation, both graphs show typically type-V, where
there is a small adsorbate–absorbent interaction associated
with the pores in the 1.5–100 nm ranges. The existence of hys-
teresis loops, which was nitrogen condensation step occurred
at high P/Po around 0.9–1.0, indicating the presence of
multimodal with narrow and broad pore distribution.
Hysteresis indicates the capillary condensation in meso- and
macro-pores (Kim et al., 2010; Zhao and Collinson, 2010).
In Fig. 7(a) the pore distribution pattern showed the ICS con-
sists of mesopores (12–50 A˚ or 1.2–5 nm) with sharp peaks
centered at 1.4, 2.0 and 3.3 nm. The presence of macropores
was determined by the broad peak in the range of 90–1500 A˚
(9–150 nm) centered at 500 A˚ (50 nm). Furthermore, the pre-
pared ICS-SO3H catalyst has pore distribution in the range
of 14–50 A˚ (1.4–5 nm) having sharp peaks centered at 1.6,
2.0, 3.2 and 4.5 nm, which were categorized as mesoporous
carbon structure. The existence of broad peak in the range
of 100–2000 A˚ equivalent to 10–200 nm centered at 50 nm
indicates the presence of macropores (Valle-Vigo´n et al.,
2012; Zhang et al., 2014, 2015). The calculated results from
Barrett–Joyner–Halenda (BJH) show that the sample consists
of bimodal porosity of meso- and macro-pores carbon slit with
the average pore size of 43.7 nm and speciﬁc pore volume was
0.15 cm3 g1.
Figure 6 SEM images of ICS-SO3H catalyst at (a) 100· and (b) 10,000· magniﬁcation.
Figure 7 N2 sorption isotherms and pore size distribution of (a) ICS and (b) ICS-SO3H catalyst.
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Meso- and macroporous sulfonated starch solid acid catalyst 185The activation of ICS by thermal treatment with concen-
trated H2SO4 caused the surface area of the catalyst to increase
from 10.54 m2 g1 to 12.40 m2 g1 as shown in Table 2 due to
the small destruction on the carbon network producing the
smaller particles. However, the average pore volume and pore
size decreased slightly, suggesting that the SO3H groups were
incorporated inside the pores of the carbon catalyst
(Lokman et al., 2015). These results are signiﬁcant compared
to the surface areas of glucose catalyst reported by Okamura
et al. (2006) which was 2 m2 g1, cellulose-based catalyst
reported by Nakajima and Hara (2012) which was
<5 m2 g1, and sulfonated-lignin catalyst by Guo et al.
(2012) which was 4.7 m2 g1.
Moreover, the acid density analysis shown in Table 2
reveals that the total acid density of macroporous ICS-SO3H
was 12.54 mmol g1 with a total of ASO3H group being
6.97 mmol g1 higher than acid density glucose catalyst
reported by Okamura et al. (2006) which was 1.34 mmol g1,
sulfonated waste vegetable oil pitch reported by Shu et al.
(2010) which was 2.04 mmol g1, and sulfonated lignin catalyst
reported by Guo et al. (2012) which was 1.71 mmol g1 of total
acid density. The high concentration of acid density could be
attributed from the larger surface area and bimodal porosity
of meso- and macroporous which allowed large quantity of
SO3H group incorporated on carbon lattice. According to
Lee et al. (2015) the catalytic activity of certain catalyst
depends on the amount of active sites and the surface area
of the catalyst. In this case, the ICS-SO3H catalyst was
expected to give high activity due to high total acid density
generated on its aromatic carbon structure.3.3. Catalytic activity of the ICS-SO3H catalyst
In this study, the catalytic performance of the carbon-based
solid acid catalyst was studied by varying the ranges of
methanol-to-PFAD molar ratio, catalyst amount, reaction
temperature and reaction time.
3.3.1. Effect of methanol-to-PFAD molar ratio
In the biodiesel production process, both transesteriﬁcation
and esteriﬁcation require an optimum amount of methanol
to shift the equilibrium to the high production of FAME yield.
In this study, a series of reactions with different methanol-to-
PFAD molar ratios (5, 10, 15, 20, and 25) were carried out to
investigate their effect on the conversion of PFAD to methyl
ester. The reaction was done with 2 wt.% of ICS-SO3H cata-
lyst at 75 C for 3 h of reaction time. The conversion percent-
ages of FFA to methyl ester versus methanol molar ratio are
shown in Fig. 8(a). The FFA conversion increased with the
increasing quantity of methanol. The conversion reached a
value of above 90% with an addition of methanol molar ratio
from 5 to 10, and it rose from 79.2% up to 94.7% of FFA con-
version. The difference in conversion between both ratios was
about 15.5%. The conversion slightly increased from 95% to
96.3% for 15, 20 and 25 of methanol molar ratio. It was dis-
covered that, a further increase of the methanol molar ratio
above 10 did not signiﬁcantly increase the FFA conversion.
As reported by Nakpong and Wootthikanokkhan (2010), the
sustainability of the FFA conversion may be due to the effect
of water formation during the esteriﬁcation of FFA and also a
small portion of water existed in the commercially grade
Figure 8 (a) Effect of methanol amount on FFA conversion of PFAD, (b) effect of catalyst amount on FFA conversion of PFAD, (c)
effect of reaction temperature on FFA conversion of PFAD and (d) rate of FFA conversion and FAME yield at optimized condition.
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the lowest methanol molar ratio that gave the FFA conversion
over than 90% was 10, hence selected as the optimum
methanol molar ratio and used for subsequent optimization
studies.
3.3.2. Effect of the ICS-SO3H catalyst amount
The loading effect of the macroporous ICS-SO3H catalyst on
esteriﬁcation of PFAD was investigated with its amount vary-
ing from 1 to 5 wt.% (based on the weight of the feedstock).
The operating reaction conditions (methanol-to-PFAD molar
ratio of 10, reaction temperature of 75 C, and reaction time
3 h) were kept constant throughout the reaction process.
Fig. 8(b) shows the percentage of FFA conversion to methyl
ester versus the quantity of the catalyst. The results revealed
that the presence of 1 wt.% of ICS-SO3H catalyst signiﬁcantly
increases the rate of conversion from 12.8% to 85%. The con-
version was elevated equal to 94.9% with further addition of
2 wt.% of catalyst. However, an addition of 3–5 wt.% of cat-
alyst showed no signiﬁcant increment on the FFA conversion.
Thus, 2 wt.% of ICS-SO3H catalyst was adequate for esteriﬁ-
cation of PFAD. Konwar et al. (2014), produced biodiesel
from acid oils using sulfonated carbon catalyst derived from
oil cake waste. They managed to reduce the acid value of oils
up to 97% using 5–6.5 wt.% of catalyst and 43:1 methanol-to-
oil molar ratio at 80 C for 8 h. However, these conditions
resulted in the high cost of biodiesel production. Compared
to our studies, the efﬁciency of the macroporous ICS-SO3H
catalyst was not only improved, but has also been proven ideal
to be used for low-cost biodiesel production process.3.3.3. Effect of reaction temperature
Fig. 8(c) shows the effect of reaction temperature on FAME
conversion, conducted from 65 to 85 C with catalyst amount
of 2 wt.%, methanol-to-PFAD molar ratio of 10 and reaction
time of 3 h. The conversion pattern revealed the increment of
the reaction temperature starting from 65 to 70 C increases
the conversion of FFA to methyl ester from 85.8% to 88.6%
and it was continued up to 94.6% as increased the temperature
up to 75 C. However, the results show insigniﬁcant increment
of conversion when the reaction temperature was increased
from 75 to 85 C. As observed, the equilibrium conversion of
fatty acids was achieved at 75 C. According to Hayyan
et al. (2010) the optimum reaction temperature can affect the
reaction rate by increasing the kinetic energy to the maximum
level to move the molecules faster during the esteriﬁcation pro-
cess. Therefore, it is easier to break the carbon bond in the
fatty acid molecule structure when the process is supported
by a speciﬁc amount of alcohol molecules and catalyst.
3.3.4. Rate of reaction
Fig. 8(d) shows the rate of FFA conversion and FAME yield
for duration of 5 h, which were conducted at optimum reaction
conditions (2 wt.% of catalyst, 10 of methanol-to-PFAD
molar ratio and at 75 C reaction temperature). The results
revealed that the average FAME yield was lower compared
to the percentage of the FFA conversion. The product yield
was found to have increased to above 70% as the reaction
was continued for 1 h. It seems that the other optimum condi-
tions such as the catalyst, methanol and reaction temperature
played an important role to ensure the conversion occurred at
Meso- and macroporous sulfonated starch solid acid catalyst 187maximum rate. After 3 h, the FFA conversion and FAME
yield increased up to 94.6% and 89.7%, respectively. There
was no increment shown for both FFA and FAME yield start-
ing from 3 to 5 h. Chin et al. (2012) explained that the incre-
ment of the reaction temperature up to optimum level
enhanced the improvement of the mass transfer limitation
between reaction mixture and catalyst, which will lead to the
increment of the reaction rate. At that point the equilibrium
reaction was achieved where the maximum conversion could
occur and gave high yield of biodiesel product.
3.4. Reusability and leaching analysis of ICS-SO3H catalyst
In this work, the ICS-SO3H catalyst was separated from the
product mixture, washed and dried prior to next reaction cycle
without catalyst reactivation step. The biodiesel product was
collected at every reaction cycle to determine the FAME yield
and sulfur content. Fig. 9 shows the reusability and leaching
analysis of the catalyst over the reaction cycles. Results
showed the declines of FAME yield from 90.4% at ﬁrst cycle
and 72.2% at sixth cycle. It was established that the FAME
yield decreased in each cycle due to the losses or leaching of
the ASO3H groups from the catalyst. However, the concentra-
tion of the sulfur (assuming all the sulfur are from the ASO3H
groups) in the biodiesel product was less than 0.001 ppm.
According to ASTM D6751 and EN14214 standard method,
the maximum amount of sulfur in the fuel allowed for com-
mercialization is 0.001 ppm. Thus, the produced biodiesel
derived from PFAD was acceptable for commercialization.
The recycle ability and low leaching of active sites can be
explained by the majority of the active sites that were incorpo-
rated inside the meso- and macro-pores of the catalyst. Guo
et al. (2012) studied the deactivation of the macroporous
carbon-based solid acid catalyst derived from lignin. They
mentioned that the deactivation of the catalyst was mainly
caused by the leaching of the acid sites (ASO3H) in methanol
phase. In their case, the conversion of FFA dropped to 67.8%
with reduction of ASO3H amount about 8.5% after four
reaction cycles.Figure 9 Reusability and leaching analysis of ICS-SO3H cata-
lyst. Reaction conditions: catalyst amount 2 wt.%, methanol-to-
PFAD molar ratio 10, reaction temperature 75 C, and reaction
time 3 h.3.5. PFAD biodiesel proﬁle
FAME content of PFAD biodiesel produced from the reaction
was analyzed by GC–MS spectrometer as shown in Supp. 1. It
was observed that 5 major FAME constituents (e.g., methyl
myristate, methyl palmitate, methyl linoleate, methyl oleate,
and methyl stearate in ascending order of the polarity proper-
ties) existed in the PFAD biodiesel product. A previous inves-
tigation also demonstrated the appearance of 5 major peaks of
FAME components in the PFAD biodiesel (Lokman et al.,
2014b).
The FTIR spectrum of PFAD biodiesel is presented in
Supp. 2. The peak at 2931 cm1 showed the transmittance
assigned to alkyl (ACH) stretching modes. The prominent
peak observed at 1741 cm1 attributed to the carbonyl
(C‚O stretch) from the ester. Meanwhile, one obvious peak
observed at 1180 cm1 was assigned for CAO from ester
(Rashid et al., 2011a,b).
4. Conclusions
In the present work, the preparation of the meso- and macro-
porous carbon-based catalyst from starch, as well as their cat-
alytic activity performance in esteriﬁcation of PFAD oil with
methanol is reported. The effect of the porous carbon based
catalyst, which provides more anchor for acid active sites
attachment was discussed. The characterization results show
that the ICS-SO3H catalyst exhibits larger surface area of
12.4 m2 g1, bimodal porosity with average pore size of
44 nm and the total acid sites density of 12.54 mmol g1. It
was concluded that, the presence of bimodal meso- and macro-
porous ICS-SO3H catalyst efﬁciently increases the density of
active sites. The performance of prepared catalyst and the
effect of operating conditions on esteriﬁcation of PFAD were
investigated. It revealed that, the FFA conversion and FAME
yield achieved 94.6% and 90.4% respectively at the following
reaction conditions: quantity of ICS-SO3H catalyst 2 wt.%,
methanol-to-PFAD molar ratio of 10:1, reaction temperature
of 75 C and reaction time of 3 h. The ICS-SO3H catalyst
was successfully recycled up to 6 times with minimal leaching
of active sites. As a result, the sulfur content in the product
did not exceed the maximum limit allowed by ASTM and
EN standards. The analysis of biodiesel produced was in good
agreement with the previous reported literature.
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